In the Pacific Northwest, Alnus rubra Bong. (red alder) is a common deciduous tree species especially prevalent in riparian corridors and disturbed sites, including metropolitan areas undergoing land use changes and development. Importantly, red alder is also considered a bioindicator for ozone pollution and, like all plants, harbors a diverse endophyte community that may interact with aerial pollutants. In this study, we surveyed foliar fungal endophyte communities (microfungi) in red alder leaves from the metropolitan area of Portland, Oregon, USA, using culture-based techniques, and found that communities differed significantly by site. Our results suggest that the fungal endophyte community composition in red alder leaves may be influenced in part by local air pollution sources, likely in conjunction with other site characteristics. As urban areas expand, more studies should focus on how the urban environment affects plant-microbe community ecology and endophyte-host interactions, as well as on the long-term consequences for other ecosystem processes such as leaf litter decomposition.
Introduction
Plant and microbial communities are sensitive to local environmental conditions, especially those resulting from anthropogenic sources. An increase in the levels of atmospheric CO 2 has been shown to interact with nitrogen availability and plant community species richness to influence community biomass (He et al. 2002) , while warming has been shown to negatively affect plant productivity in a grassland community (De Boeck et al. 2007 ). The microbial community composition in the soil of grassland plots exhibited similar responses to warming (Frey et al. 2008) , and was further affected by drought conditions (Sheik et al. 2011) . Likewise, soil pollution has been found to negatively affect plant symbionts such as mycorrhizae (Cairney and Meharg 1999) . The plantmicrobe holobiont, which is the sum of a plant and all of its microbial symbionts, has been shown to critically determine the performance and resistance of plants to a variety of stresses, including environmental pollutants (Li et al. 2012 ), yet still little information exists on the interactions between pollutants and plant and microbial communities.
Plant responses to air pollution can vary with species, exposure duration, pollutant concentration, or a combination of factors, but may include the production of reactive oxygen species (Schützendübel and Polle 2002; Wohlgemuth et al. 2002) and phytoalexins (Rakwal et al. 2003) . Further, beyond affecting the plants themselves, pollutants may have effects on the microbial communities associated with every plant, which can further reduce plant growth and fitness (Porter and Sheridan 1981) . Well-studied symbionts determining plant performance include nitrogen-fixing bacteria and mycorrhizal fungi that inhabit plant roots. However, microbial colonization can occur in any part of the plant, and communities may vary temporally and by plant tissue type (Ek-Ramos et al. 2013; Younginger and Ballhorn 2017) . A particularly diverse group of plant-associated microbes are foliar endophytic fungi.
Fungal endophytes are ubiquitous, asymptomatic plant symbionts (Stone et al. 2004; Rodriguez et al. 2009 ) that can affect host-plant chemistry (Arnold 2007; Suryanarayanan 2013) , as well as competition and survival (Rudgers and Clay 2007; Aschehoug et al. 2012; McCulley et al. 2014) , and as pioneer colonizers directly contribute to leaf litter decomposition (Lemons et al. 2005; LeRoy et al. 2011; Grimmett et al. 2012) . Importantly, fungal endophytes have been shown to increase drought tolerance (Hesse et al. 2003; Khan et al. 2016) , pathogen resistance (Waller et al. 2005; Lin et al. 2015; Busby et al. 2016) , and metal tolerance in a variety of host plants (Ren et al. 2011; Li et al. 2012) . Although endophytes may colonize any plant tissue, we focus here on foliar endophytes because of their eventual contribution to ecosystem processes like litter decomposition and nutrient cycling.
In this study we examined the taxonomic diversity and frequency of endophytic fungi in red alder (Alnus rubra Bong.) in urban and rural sites that have previously been identified as differentially exposed to a variety of air pollutants, including sulfur, lead, iron, and nickel . Red alder is a common deciduous tree species occurring throughout the Pacific Northwest in riparian areas and moist forests mostly within 200 km of the Pacific coast. The species is of significant economic importance in the timber industry, exceeding the annual value of the dominant softwood species Douglas-fir (Pseudotsuga menziesii) (Warren 2009 ). Ecologically, red alder is a key species in the Pacific Northwest. As an early pioneer tree, red alder colonizes disturbed sites and stabilizes eroded soils as well as river banks. Like other members of its genus, red alder is especially important in riparian corridors and disturbed sites (Harrington et al. 1994) because of its association with N 2 -fixing Frankia bacteria. Red alder in particular also serves as a bioindicator of ozone damage (Campbell et al. 2000; Bennett and Tkacz 2008) , which may be useful in impacted urban areas, while other members of the genus have been shown to tolerate metal-polluted soils at other sites (Lee et al. 2009; Printz et al. 2013) .
Here, we surveyed fungal endophyte communities in red alder leaves from the metropolitan area of Portland, Oregon, USA, using culture-based techniques, and add to the findings of another culture-based study of red alder foliar endophytes by Sieber et al. (1991) . The PortlandMetro area has poor air quality that has recently garnered media attention due to a variety of industrial point sources of pollutants (Department of Environmental Quality 2017). The region's air pollution has previously been found to contribute to reduced diversity in lichen communities (Geiser and Neitlich 2007) , and a recent study by Gatziolis et al. (2016) revealed possible pollution hotspots in several areas by measuring the concentrations of 22 elements in mosses sampled from across Portland. In addition to our culture-based survey, we used several publicly-available datasets to characterize the environments surrounding our metropolitan sample sites, including data provided by Gatziolis et al. (2016) . By sequencing culturable endophytes in red alder exposed to varying influences of air pollutants, we draw connections between the hosts' growing environment and foliar fungal community composition. We hypothesized that the sampling sites closer to these pollution hotspots would have lower biodiversity, and that fungal communities would differ among sites based on the local point sources of pollutants.
Materials and methods
Red alder (Alnus rubra) leaves were sampled 9-15 November 2016 from three sites around the metropolitan area of Portland, Oregon (see Fig. 1 ), and one site located in the Tillamook State Forest, approximately 65 km west of downtown Portland (see Table 1 ). The metropolitan sites included Errol Heights Park (referred to as "Flavel"), the Delta Park/Vanport Park & Ride (referred to as "Raceway"), and the Overlook neighborhood ("Overlook"), and were chosen according to their relative proximity to possible sources of air pollution suggested by several recent studies (Geiser and Neitlich 2007; United States Environmental Protection Agency 2011; Gatziolis et al. 2016; Donovan et al. 2016) . The Tillamook State Forest site ("Tillamook") served as a rural site. For Overlook, we used the Portland Tree Inventory Project (Parks & Recreation 2017) to locate street trees, and then averaged the GPS locations of the trees for the overall site coordinates to maintain the privacy of the property owners.
At each site, five trees were selected and three leaves were collected from each using clean gloves doused with 95% ethanol, and stored in paper envelopes. We randomly selected leaves without visible lesions or other defects when possible on branches between 1.0 and 2.5 m from the ground. Leaves were no more than 15 cm long from apex to petiole and all of the trees had a DBH < 17.5 cm. Samples were returned to the lab and surface-sterilized in a laminar-flow cabinet using the following procedure: dip in 0.1% Tween 20, rinse for 30 s in deionized (DI) water, soak for 10 s in 95% ethanol, soak for 2 min in 0.5% sodium hypochlorite (8.25%), and then soak for 2 min in 70% ethanol, followed by air-drying in the laminar-flow cabinet (Younginger and Ballhorn 2017) . Leaves were then sectioned into pieces approximately 5 mm in diameter with flame-sterilized scalpels; four pieces were plated on malt extract agar (MEA) and sealed with Parafilm, and the remaining pieces were placed into Eppendorf tubes and stored at −80°C until further analysis by direct sequencing of the ITS region. All of the samples were plated or processed for storage less than 24 h after collection.
Once leaves were plated, they were checked every few days for new fungal growth. These isolates were transferred to new MEA plates until they were axenic (i.e., no new morphotypes appeared), at which point DNA was extracted using the Sigma REDExtract-N-Amp Tissue Kit (St. Louis, Missouri, USA). DNA was amplified using the primer pair ITS1F and ITS4, and 34 cycles of 94, 50, and 72°C for 1 min each, followed by a final extension at 72°C for 10 min. PCR products were sent to Functional Biosciences (Milwaukee, Wisconsin, USA) for Sanger sequencing, after which the sequencing data were cleaned and analyzed using Geneious 10.2.3. Cleaned sequences were checked against both NCBI GenBank and UNITE to determine identity at the lowest possible taxon, using 97% similarity as the assignment threshold. If GenBank accession numbers differed between NCBI and UNITE, the UNITE accession and taxon were used. Gatziolis et al. (2016) overlaid a grid system on the metropolitan area of Portland, sampled mosses from within these sites, and measured the concentrations of 22 elements that had accumulated in the moss biomass. We used coordinates from those sampling locations to first determine the 10 closest locations to each of our metropolitan alder-sampling sites, averaged the concentrations for each of the 22 elements measured in moss biomass collected from those locations, and then examined between-site differences in elemental concentra- Fig. 1 
Statistics
All statistical analyses were performed using R version 3.4.1. Community data were analyzed with the "vegan" and "indicspecies" packages (Cáceres and Legendre 2009; Oksanen et al. 2017 ). All analyses were performed after operational taxonomic units (OTUs) were combined by common species assignments (e.g., all Alternaria alternata OTUs with similarity ≥97% were combined into a single Alternaria alternata column within the community matrix, while OTUs with similarity <97% were combined as Alternaria sp.). Two extreme outliers (i.e., two leaf samples), both from the Overlook site, were removed because they were singletons that prevented examination of beta diversity. Non-metric multidimensional scaling (NMDS) with Bray-Curtis distances was used to model community composition overlap between sites, and permutational multivariate analyses of variance (PERMANOVA) were used to examine statistical differences, also with Bray-Curtis distances and using 999 permutations. A Bray-Curtis dissimilarity matrix represents the differences in community composition among sites (0 = identical species composition, and 1 = no shared species). PERMANOVA then assumes that random permutation of the values in the matrix (e.g., 999 times) results in the sites having the same calculated centroids, meaning that community composition does not differ significantly among sites. To determine pairwise differences, PERMANOVAs were run for each site pair and the P-values adjusted with Bonferroni correction. Shannon diversity indices were also calculated by site after determining relative abundance with the "phyloseq" package (McMurdie and Holmes 2013). Indicator species analysis was performed to determine whether particular taxa were significantly associated with specific sites or site combinations (Dufrêne and Legendre 1997; De Cáceres et al. 2010) . Analysis of variance (ANOVA) and Tukey HSD posthoc tests were used to assess differences in the concentrations of 22 elements among our study sites, which was done by using measurements from the 10 closest moss locations to our alder study sites (i.e., each of our Portland sites were composed of n = 10 locations from Gatziolis et al. (2016) . If data did not meet the assumptions for ANOVA, even after transformation, nonparametric Kruskal-Wallis tests and Dunn post-hoc tests were used.
Maps and Venn diagrams
Figure 1 was generated with ArcGIS Desktop 10.5, and Fig. 6 was generated in R with the ggmap package (Kahle and Wickham 2013) . Figure 4 was generated in R with the VennDiagram package (Chen and Boutros 2011) .
Results
Fungal endophyte communities isolated from leaves of Alnus rubra differed significantly across sites in the metropolitan area of Portland during November 2016. A total of 267 OTUs representing 56 assigned species and 36 assigned genera were isolated (Supplementary data, Table S1 1 ), averaging 3.14 ± 1.67 species per leaf, with varying relative abundances by site (Supplementary data, Fig. S1 ). The number of different assigned species isolated from each tree varied from one (Tillamook; Fig. 2 ) to as many as eight (Raceway) while the average frequency of isolation for all assigned species across all sites was 5.6% ± 5.4%. Epicoccum nigrum (15 leaves), Asteroma alneum (12 leaves), and Cladosporium allicinum (10 leaves) were the three most frequently isolated assigned species, but they occurred unevenly among sites. Epicoccum nigrum occurred mostly in leaves from Raceway (7/15 leaves or 46.7% of all occurrences), A. alneum occurred frequently in leaves from Tillamook (41.7%) and also Flavel (33.3%), and C. allicinum was found in leaves from Raceway (40.0%) and Overlook (60.0%). The species accumulation curve did not level off, which suggests that sampling more leaves, trees, and (or) sites would reveal new species (Fig. 3) .
Shannon diversity indices were only marginally different among sampling sites (Kruskal-Wallis, 2 = 7.35, df = 3, P = 0.06); 19, 27, 28, and 23 species were isolated from leaves from Tillamook, Flavel, Raceway, and Overlook, respectively. Of these species, four were isolated exclusively from (Fig. 4) .
Fungal endophyte community composition differed significantly by site (PERMANOVA, F [3, 56] = 2.86, P = 0.001), illustrated in part by NMDS ordination that demonstrates the high level of variation within samples and some overlap among sites (Fig. 5) . All pairwise site comparisons of endophyte communities were significantly different from one another, except between Tillamook and Flavel, which were marginally different (P = 0.06; Table 2 ). Tillamook and Flavel also shared indicator species within the genus Diaporthe (Table 3) and Raceway and Overlook shared C. allicinum as an indicator species, whereas two species of Alternaria were positively correlated with Raceway only. Several species that approached significance as indicators for Overlook, Flavel, and Raceway are included in Table 3 .
After clustering sites from the Gatziolis et al. (2016) dataset to coincide with our three metropolitan sampling sites, we found differences in several previously measured concentrations of elements in moss biomass among our study sites. All 22 elemental concentrations Fig. 2 . Numbers of assigned species (OTUs) cultured at the leaf (A), tree (B), and site (C) level demonstrate variability between sampling units.
were tested, but only significant results are shown (Table 4 ; P and K are included in Fig. 6 as well) . In general, mosses from areas clustered around Raceway and Overlook had accumulated insignificantly different amounts of S (%), Mn (mg/kg), Ni (mg/kg), and Zn (mg/kg) (Tukey HSD, P > 0.5). Mosses from areas clustered around Flavel had insignificantly different amounts of S and Mn content compared with Overlook (Tukey HSD, P > 0.06), significantly lower amounts of S and Mn content compared with mosses from areas clustered around Raceway (Tukey HSD, P < 0.05), and significantly higher Ni content than either mosses from areas clustered around Overlook or Raceway (Tukey HSD, P < 0.0001). Mosses from areas around Overlook had significantly higher levels of Zn compared with mosses from around Flavel. Both Pb and Cu concentrations in mosses were significantly lower in areas clustered around Flavel compared with mosses clustered around Overlook (Dunn's test, P < 0.01). Areas clustered around Raceway had significantly higher concentrations of Cu in mosses compared with mosses clustered around either Overlook or Flavel (Dunn's test, P < 0.01). Areas clustered around Flavel had significantly lower concentrations of Fe in mosses than areas clustered around either Raceway or Overlook (Tukey HSD, P < 0.01), which had insignificantly different concentrations.
Discussion
In this study, we determined that foliar fungal endophyte communities may be structured in part by proximity to specific point sources of air pollution in sites across a metropolitan area. We did observe high variability in isolation frequency among both trees and sampling sites, underscoring the dynamic nature of endophyte communities, which can vary temporally and spatially within host plant tissues (Ek-Ramos et al. 2013; Younginger and Ballhorn 2017) . While overall community composition varied by site, the most abundant species were recovered from multiple sites and represent a considerable population of generalist endophytes (Stone et al. 2004) , including several species in Alternaria and Cladosporium as well as Diaporthe, another common endophyte genus that contains many pathogenic species. Our findings corroborate many of the fungi identified in the earlier survey of red alder by Sieber et al. (1991) , but also suggest that a large component of the foliar fungal endophyte community widely occurs among hosts and also within different host tissues, lending support to the concept of a "core microbiome" (Shade and Handelsman 2012) at least within plants although next-generation sequencing analyses will better identify core OTUs. A majority of the fungal genera, if not species, isolated in this study were also found in stem tissues of Spanish olive trees (Fisher et al. 1992) , in twigs from ash, oak, and beech (Griffith and Boddy 1990) , in various tissues of Arabidopsis thaliana (Junker et al. 2012) , and in nine different tree species in urban and rural sites in Japan (Matsumura and Fukuda 2013) . Shared genera include Aureobasidium, Botrytis, Cytospora, Epicoccum, Phoma, Phomopsis, and Sordaria. Additionally, this study may be the first to report the presence of Pyrenophora erythrospila in Alnus.
Contrary to earlier studies of urban versus rural endophyte communities Jones 2009, 2010; Matsumura and Fukuda 2013) , we only found a marginally significant difference between fungal community diversity between our study sites, which included three metropolitan locations and one forested location. Previous work anticipates lower fungal endophyte diversity in plants growing in polluted soils at former industrial sites (Lappalainen et al. 1999; Renker et al. 2005; Likar and Regvar 2009 ). However, while this effect may be due to small sample size, the trends in the number of species isolated by site appear to be the opposite of our expectations, given that about 30% more species were cultured from the Raceway and Flavel sites compared with the Tillamook site. Given that Wę ż owicz et al. (2014) also reported higher diversity in more polluted sites, these trends may be driven in part by local pollution sources or dispersal limitation; additionally, priority effects may be at play in compositional differences, as well as other environmental factors such as elevation. If pollution is a major contributor, an obvious source of pollutants in our sampling sites is vehicle traffic; all of our sites were located along roadways, and thus represent an impact gradient for vehicle traffic, with Raceway and Overlook receiving considerably more emissions than Flavel or Tillamook because of their proximity to Interstate 5 (<1000 m). Additionally, dominance effects may have influenced diversity patterns for Tillamook samples. For example, indicator species characterized the dominant members of their respective site communities (Table 2) , and three out of the five trees sampled at the Tillamook site had assemblages that were dominated by pathogenic Diaporthe species (Fig. 2) that may have inhibited other species from colonizing the leaf tissue; members of the genus have been shown to produce antimicrobial com- Fig. 5 . Non-metric multidimensional scaling ordination of fungal endophyte communities of Alnus rubra across the metropolitan area of Portland; ellipses represent 95% confidence intervals based on the standard error. (Tanney et al. 2016) . Fewer species were also isolated from the Overlook site, where assemblages were similarly dominated by other pathogenic fungi in Cladosporium, species of which have been documented as antagonistic towards other pathogens (Busby et al. 2016) . Considering the high variability among leaves from the same tree, and trees in the same site, a larger survey may clarify patterns in both alpha and beta diversity. While we did not directly measure air pollutants in our study, the publicly-available dataset provided by Gatziolis et al. (2016) uses mosses as bioindicators of air Fig. 6 . Maps of the Portland area with our three urban sites labelled (top-left, satellite image; bottom-right, street map), followed by seven panels of selected elemental concentrations (P, K, Fe, Ni, Mn, S, Zn) measured in moss biomass collected from the 10 closest locations to each of our metropolitan alder-sampling sites. [Colour online.] pollution in the same metropolitan area as our study. We acknowledge that the moss bioaccumulation data were collected several years before our sample collection period; however, we contend that the trends identified by Gatziolis et al. (2016) remain applicable to our sites, and merely suggest historical environmental differences among our sites that may be underlying variation in fungal endophyte community composition, in addition to other environmental factors. Raceway and Overlook are adjacent to Interstate 5 (a major highway in the region), and mosses collected from near these sites had accumulated elevated levels of sulfur, iron, and lead relative to Flavel, the only other metropolitan site in our study. Cladosporium and Alternaria species were most common in these sites, which may suggest that these fungi are more tolerant of pollution from vehicle emissions. Likar and Regvar (2009) observed the same fungal endophytes in Salix caprea L. growing in both polluted and non-polluted sites, although they hypothesized that the relative tolerances of species likely differed according to the local environment. Our study was not designed to test metal tolerances of isolated fungi, but Li et al. (2012) found that an Alternaria isolate was not inhibited by zinc-supplemented media, which may coincide with elevated levels of zinc in mosses collected near Overlook where Alternaria was a dominant genus.
Conclusions
Fungal endophyte communities are often dynamic and are known to show seasonal, spatial, and functional variation in their host plants (Arnold 2007; Scholtysik et al. 2013; Younginger and Ballhorn 2017) . Red alder is an economically and ecologically important tree species in the Pacific Northwest, but beyond its root-associated microbes (Frankia bacteria and endomycorrhizal fungi) little is known about the microbial communities it harbors and their responses to environmental conditions. Our results suggest proximity to different point sources of air pollution -potentially in conjunction with other site characteristics -partially influences fungal endophyte community composition in red alder leaves. Future studies should quantitatively examine relationships between endophyte diversity in red alder and sources of air pollution.
